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This repor t  describes the fabr ica t ion ,  t e s t ing ,  and ana lys i s  work accom- 

p l i shed  during the fou r th  quarter  ( Ju ly  - September 1962) of the  Dynamic 

Mercury Corrosion Loop Testing Program. Operation and modifica.tion of the  f i r s t  

of the t en  loops were continued. Some of the spec ia l  a l loys  t o  be used i n  the  

l a t e r  loops were received. 
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CONTRACT FULFILLMENT STATEMENT 

Work a t  Aerojet has been authorized under NASA Contract NAS 3-1925. Testing 

i s  being conducted at Aerojet-General Nucleonics (an Aerojet subs id ia ry) ,  San Ramon, 

California,  under Subcontract No. 0~328862. This i s  the fou r th  i n  a s e r i e s  df 

qua r t e r ly  r e p o r t s  submitted i n  p a r t i a l  fu l f i l lmen t  of Contract NAS 3-1925. 
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I. INTRODUCTION 

Several power conversion systems employing mercury boiling and condensing 

cycles are under development within the aerospace industq-. 

a common need for quantitative information about the long-term compatibility of 

mercury and mercury-containment materials. 

These systems share 

The Mercury Corrosion Loop Testing Program currently being conducted by 
Aerojet-General Corporation is designed to provide a substantial amount of this 
information. 

experimental data to provide a firm basis for selection of a suitable mercury- 

containment material. The material must be able to withstand a nominal mercury 

boiling tempera.ture of lO75'F for an operational life of 10,000 hours. Several 

alloys, including Haynes 25, will be tested in ten forced-convection test loops. 
Testing periods will exceed 2,000 hours and, on some loops, will approach 
10,000 hours. 

tions and flow characteristics of the SNAP-8 Power Conversion System. 

The specific objective of the program is to obtain sufficient 

The loops will duplicate as closely as possible the cycle condi- 

In addition, the loop da.ta will be used to estima.te the location and 
degree of corrosion attack that may be expected to occur in the operational 

systerq. 

The materials philosophy for the SNAP-8 program is currently undergoing a. 
re-examimtion in the light of recent corrosion data. Consequently, the objec- 

tives of the Corrosion Loop Program have been revised, and are now a.s follows: 

A .  Operate Loops 1 and 2 (Ha.ynes 25 construction), a.nd to make 
necessary revisions to achieve stable flows, pressure, and design conditions. 

B. Eva.luate the co-extruded cb-316ss tubing. 

C. Plan a. revised loop program, with the emphasis on columbium a.s 
the referenced material. 

Page 1 
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11. SUMMARY OF ACCOMPLISHMENTS - 1 JULY THROUGH 30 SEPTEMBER 1962 

The intermittent operation of Loop No. 1 continued. A total operating time 
of 847 hours has been accumulated. 

Minor design changes were made in Loop No. 1, and the flow stability was 
greatly improved. 

Four back va,nes were added to the centrifuga.1 pump, aad performance was 

improved until the pump nearly meets design requirements. 
* 

The eo-extruded and the eo-drawn 9Cr-lMo-316SS tubing was received from 

the vendors. The co-extruded tubing exhibited a strong bond while the co-drawn 

tubing had only a mechanical bond. 

111. DISCUSSION 

A. SPECIAL ALLOY PROCUREMEXT 

The co-drawn and co-extruded 9Cr-lMo 316ss tubing was received from 
the vendor. 

10 September. Procurement of other alloys for use in va.lves a.nd miscellaneous 

loop hardware was suspended because of the impending redirection of the program. 

The eo-extruded m-316ss tubing was shipped by the vendor on 

B . ALLOY EVALUATIONS 

Approximately 150 ft of eo-extruded 3/4-in. -dia tubing (9Cr-lMo alloy 

clad with 316 stainless steel) fabricated by Nuclear Metals is being evaluated 
for formability, bond integrity, and heat-treatment effects. The duplex tubing, 
as measured at random lengths, has an inside diameter of 0.652 in. with a 
0.05O-in. wall. 

thickness of 0.020 in. and the outer, Type 316ss portion has an average thickness 
of 0.030 in. The tubing was manufactured by a co-extrusion process, cold-drawn 
to size, and annealed. 

The inside portion of the tubing wall (9Cr-1Mo) has an avera-ge 

* 
The following abbreviations are commonly used in reports of this program: 

3 1 6 ~ ~  
9Cr-lMo = 9 chromium - 1 molybdenum steel alloy 
AM-350 = AM-350 precipitation-hardened stainless steel. 

= Type 316 stainless steel 

Pa.ge 2 
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To establish the formability of the tubing, an 18-in. length was cold- 

formed smoothly with a pipe bender into 90' bends over a 3-in. radius. 

was satisfactorily made both with and without the aid of a low melting filler 

metal inside the tubing (Figure 1). 

disclosed no ruptures, buckling or interface separations at the cladding inter- 

faces of the bent regions. Pre- and post-bend micrometer measurements showed 
some ovality; the tube bends with and without filler were 0.005 and 0.015 in. out 

of round, respectively. 

revealed no apparent metallurgical bond (Figure 2). 

be observed as a diffusion layer. However, several preliminary tensile shear tests 

indicated the bond was as strong as either of the duplex alloys. According to the 

test report from Nuclear Metals, chisel tests indicated that an inseparable 

metallurgical bond had been obtained. 

Eaeh bend 

Visual and metallographic examinations 

The microstructure of the as-received (annealed) material 
Such a bond would normally 

0 
Microstructural effects due to thermal cycling between 1400 to 400 F, 

or to heat treatments at 1300 and 1475OF for 100 hours are shown in Figures 3 
through 5. Except for a slight increase in grain size of the 9Cr-lMo alloy at 
the bond interface, no diffusion was observed after 100 thermal cycles (Figure 3) 
or 100 hours heat treatment at a temperature of 1300°F (Figure 4). 
treatment at 1475OF for 100 hours produced extreme grain growth, with some 
diffusion at the joining interfaces (Figure 5). 

* 

The heat 

C. LOOP FABRICATION 

The principal task during this report period was to operate Loop No. 1 
and to make indicated design revisions to promote stable operation with minimum 
flow and pressure fluctuations. 

Three principal design cha.nges were made in the loop: 

1. The turbine simulator, as illustra.ted in the previous quarterly 
report, wa.s installed in the loop. 

2. A bellows-sealed valve was located within 18 in. of the boiler 
inlet to serve as a variable pressure restriction. 

* 
Thermal cycles: 4 min held in furnace, and 2 min cooled in air. 
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3. A 4-ft length of 3-in. pipe wa.s installed between the boiler 
discharge and the turbine simulator to serve as a quieting chamber. 

Fabrication continued on the second Haynes 25 loop and the original 

schedule was changed to accommodate the above mentioned design changes. Fabri- 

cation of six gCr-1Mo centrifugal pumps and six 9Cr-lMo boilers and special valves 

was suspended on instructions from the NASA Project Officer. The existing 

Haynes 25 centrifugal pumps were modified to incorporate four additional back 

vanes on the impeller. Because the centrifugal pumps exhibited poor net positive 

suction head (NPSH) characteristics, a jet booster pump was designed and fa’cri- 
cated. 

Aerojet and the NASA Project Officer, it was decided to omit, at least tempor- 
arily, the erosion experiment from the turbine simulator in Loop No. 2. Details 

of the erosion experiment were presented in the last quarterly report. 

The disassembled pump is shown in Figure 6. By mutual agreement between 

D. LOOP OPERATION 

During the quarter, Loop No. 1 was operated four times for a. total 

operation time of 464 hours. 
Table 1. 

Details of runs 7 through 10 are presented in 

During July, Loop No. 1 wa.s operated for 417 hours, bringing the 
total a.ccumulated hours of operation to 800. 
boiler heat transfer wa,s observed during this period. 

and pressure (275 psia.), mercury quality went from 50 to 100%. 
changed from 27 to 50 kw. The loop wa.s  shut down because flow was restricted by 

a significant buildup of corrosion products in the turbine-simulator nozzles. 
A detailed review follows. 

A significant improvement in 

At rated flow (1200 lb/hr) 

Boiler power 

Prior to startup on 5 July, shields were installed in the radiator. 
These consisted of two aluminum panels suspended between the ra.dia.tor tubes a.nd 
the Platecoil cooling panels. The shields are movable vertically and provide 

a means of controlling the outlet temperature of the mercury from the radiator. 

The origina.1 Ha.ynes 25 pump wa.s removed from the loop a.nd rephced 
with one with a reduced front vane diameter. Previous testing had shown that 

Page 4 
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this pump required more NPSH than the full-vane unit. To provide a continuous 
check on the pump, a pressure transmitter-recorder system was connected to the 

pump outlet. 

The loop wa.s sta.rted on 5 July, a.nd opera.ted for 151 hours. The 

mercury flow ra.te was a,pproximately 1200 lb/hr with an exit va.por quality of 

50%. 
in the pump failed. During the run, continuous a.ttention wa.s required to ma,inta.in 
flow through the loop by regulating pressure in the pressurizer. 

the pump outlet pressure could not be held steady with the mercury level in the 

The boiler pressure was 275 psia. The run was terminated when the bearings 

It was found that 

pump cavity below the high probe. 
ings, the pressurizer pressure was alternately reduced and increased to hold the 
output pressure of the pump high enough to maintain flow, and to operate the 

pump with an intermittent high level of mercury in the cavity. 

To minimize mercury contamination of the bear- 

After termination of the run, the bearings and seal were replaced. 

The loop was started again on 12 July, and operated for 183.5 hours. 
was again hampered by the poor NPSH characteristics of the pump. However, wetting 

of the Haynes 25 tubing apparently occurred during the run. The wetting of the 

tubing was indicated by a significant increase in the power requirements to the 

boiler. 

70% were calculated; at flow rates of 800 to 900 lb/hr, vapor qualities of 90 
to 100% were calculated. 

Operation 

Atmercury flow rates of 1200 to 1400 lb/hr, vapor qualities of 60 to 

The run was terminated to allow replacement of the hand-operated 
turbine simulator valve with an air-operated valve of larger capacity. A hand- 

operated bellows-sealed valve was installed in the inlet line to the boiler. This 
latter change was made to provide more stability in the loop flow characteristics. 

It has been observed in this loop that flow is unstable, with a variation of 

- +25% in a 1/2-sec period. 
The loop was started on 27 July and operated for 82.5 hours. Mercury 

flow at the start of the run was 1300 lb/hr with a quality of 100%. 
the boiler outlet was 275 psig. As the run progressed, a gradual increase in the 

Pressure at 
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b o i l e r  pressure was noted. 

hold tk b o i l e r  pressure below 350 psig.  

temperature i n  the  b o i l e r  w a s  1210 F and the mercury flow r a t e  had been reduced t o  

750 lb /h r .  

and reduced flow were caused by a r e s t r i c t i o n  i n  the  turbine simulator.  

t i o n  revealed a s ign i f ica ,n t  buildup of corrosion products i n  the  nozzles of t he  

turb ine  simulator.  The ana lys i s  of these i s  presented i n  Section I I I , E ,  below. 

The flow a,nd the b o i l e r  temperature were reduced t o  

A t  the  termination of the run, the  NaK 
0 

Analysis of loop c h a r a c t e r i s t i c s  indicated t h a t  the  pressure increa.se 

Examina- 

There was no loop operation during August, except f o r  t e s t i n g  i n  the  

pump t e s t  loop. The t e s t  c e l l  f o r  Loop No. 1 w a s  cleaned, and provisions were 

made f o r  i n s t a l l i n g  the  expansion chamber and the turb ine  simulator.  
* 

On 25 September, the  loop w a s  evacuated t o  10 p 

Liquid remaining from the  Ju ly  t e s t  run w a s  l e f t  i n  the  b o i l e r  c o i l  

and f i l l e d  with 

mercury. 

t o  minimize oxiilation of t he  Haynes 25, and t o  f a c i l i t a t e  wetted heat t r a n s f e r .  

When the  mercury pump was s t a r t e d ,  argon was inadvertent ly  introduced i n t o  the  

loop because of a shor t -c i rcu i ted  l e v e l  probe i n  the  pump. 

evacuated, and f i l l e d  with mercury. 

i n  3 hours the b o i l e r  was operat ing a t  80% qua l i ty .  A t  r a t ed  flow of 1200 lb /hr ,  

t he  b o i l e r  pressure of 275 p s i a  was maintained by the  turb ine  simulator.  A t o t a l  

bo i l i ng  time of 48 hours w a s  obtained when a p lan t  power f a i l u r e  caused the  loop 

cont ro l  system t o  shut down. 

loop through the  pump s e a l  cavi ty .  

The loop w a s  drained, 

The loop w a s  r e - s t a r t ed  on 26 September and 

A r e - s t a r t  was attempted, but argon had entered the  

During the operation period, the  e x i t  vapor qua l i t y  var ied between 

Saturated vapor could not be obtained even a t  reduced flow r a t e s .  80 and 95%. 
The heat  t r a n s f e r  r a t e s  were approximately 5% l e s s  than those experienced i n  the 

two previous runs.  The reduction is a t t r i b u t e d  t o  a supe r f i c i a l  oxidat ion of the  

Haynes 25 b o i l e r  c o i l  a f t e r  a 5-week exposure t o  a i r .  It i s  an t ic ipa ted  t h a t  

prolonged operat ion a t  design temperature w i l l  produce sa tura ted  vapor. 

Pressure and flow f luc tua t ions  were observed during the  loop operat ion.  

It wa.s found tha.t t h r o t t l i n g  the  b o i l e r  i n l e t  stream through the  manual valve 

aided the loop s t a b i l i t y .  When the  150-psi pressure drop was expended, the  flow 

f luc tua t ions  were - +1.5$, and the  i n l e t  pressure var ied - +3.5 p s i  from the  250-psig 

* 
Measured between vacuum pump and l i q u i d  ni t rogen cold t r a p .  

Pa,ge 6 
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nominal pressure.  The b o i l e r  

o u t l e t  pressure appeared s t ab le  with a s l i g h t  pressure va r i a t ion  of - +1 p s i  over a 

period of 2 see.  These values a r e  a considerable improvement over the  previous 

behaxior, where the  flow f luc tua ted  - +25$. 

Both var ia . t ions occurred with a period of 0.6 sec.  

Further t e s t i n g  i s  planr,ed using d i f f e r e n t  entrance pressure drops 

so t h a t  the  minimun s t a b i l i z i n g  AP can be found. The i n t e n t  i s  t o  eventual ly  

replace the  manual valve with an o r i f i c e .  

Present ly ,  the  loop i s  shut dow- t o  permit reduct2ion of the cooling 

ca,pabi.lity of the  radia . tor  and replacement of the  turbine simula.tor which had 

developed crac.Ks i n  the  Hay:nes 2 5  tubing. A second turb ine  simulator received 

from the  .vendor a l s o  leaks .  A t h i r d  un i t  is being faPr ica ted  'by Aerojet-General 

Nucleonics. 

Considerable cent r i fuga l  pump t e s t i n g  w a s  conducted t o  obtain a 

hydraul ica l ly  s t ab le  pump. 

and f r o n t  vane ziearaLcces a f fec ted  the  pump suct ion head, discharge head, and 

horsepower. After  a systematic v a r i a t i o s  of these clearances,  it was found 

t h a t  a pump with e igh t  back vanes and foiir f ron t  vanes produced the  following 

r e s u l t s  : 

It w a s  determined t h a t  varia.t,ions i n  the back vane 

Front. vane clearance 

'Back vane clearance 

NPSH 
Shutoff head 

Horsepower 

0.055 i.9. 

0.040 i n .  

16 p s i a  

5830 psia 

2 . 9  

One Haynes 25 pump 'was cleaned, s e a l  welded, and i n s t a l l e d  i n  Loop 1. 

E. LOOP EVALUATIOD 

The evaluat ion of the turbine simulator which r e s t r i c t e d  aormal 

mercury flow during operation of Loop No. 1 i s  approximately 90% complete. 

shown i n  Figure 7, three  nozzles a r e  incorporated i n  the  s imulator .  Each of 

t h e  nozzles has a d i f f e ren t  o r i f i c e  geometry, and va r i a t ion  i n  o r i f i c e  s i z e s  

As 

Parge 7 
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ranges from 0.202 i n .  f o r  No. 1 nozzle ( i tem 5 )  where mercury en te r s  the  simulator,  

t o  0.299 i n .  for No. 3 nozzle ( i tem 1 2 )  where mercury e x i s t s .  

According t o  i t s  opera,t ional h i s tory ,  t h i s  simulator was operated a.t 
0 

temperatures of aibout io80 F, with mercury flow ra.tes f o r  various operat ional  

cycles ranging from 300 t.o 1400 lb /h r .  The t o t a l  time during eigh.t cycles of 

opera.tiom mocmted t o  ~ 8 0 0  hours before fa , i lu re  of the  simulator.  

Visual examination showed corrosion products i n  the o r i f i c e s  of a l l  

About 90% of the  corrosion products were found i n  No. 1 ( i n l e t )  nozzle nozzles.  

(Figures 8, 9 and lo). 

0.lOi' in . ,?  ind ica t ing  a.n oper,ing only 25% of the  norma,l s i z e .  

The dia,meter of t he  No. 1 nozzle hole wa.s found t o  be 

Mercury was d i s t i l l e d  from the corrosion products and the  residue w a s  

spectrographica,l ly a.na,lyzed f o r  elements. The major elements found were as 

follows : 

Co '- Pr inc ipa l  

Fe - 4.7% 
Ctr - 3.4% 

w - 2.0% 

The elements found a r e  bas i c  cons t i tuents  of Haynes 25 and o f  port ions of the  

loop compx,ents and t he  nozzles,  

MetxLLogra,phic examina.tion of secti.ons Prom No i nozzle showed tha.t 

the  in s ide  surface had eroded - 3 mils i n  depth. Tnis was primari ly  noted a,t 

the  gra in  bounda.ries, as shown i n  Figure 11. A t  high.er ma,gniffcations an u i -  

know- phase formation w a s  noted i n  the  gra in  'boundaries (2 m i l s  in dept.hj nearest  

the  eroded surface.  Beyond a t o t d .  depth of 5 m i l s  from the surface the m- 
known boundary phase disappears .  Inves t iga t ions  and evaluat ions a re  being 

conti.nueda 

Examination showed that,  'bearing f a i l u r e  caused f a i l u r e  of the  Haynes 

25 pump during operat.i.on of Loop Ho. 1. The possible  contr ibutors  t o  the  bearing 

fa . i lu re  were l i q u i d  mercury i n  the  bear ing lub r i can t ,  and t h r u s t  loading 03 the  

lower Searing.  

Page 8 
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Mass t r a n s f e r  deposi ts  were found on a l l  of the  pump p a r t s  and corrosion 

products were f l o a t i n g  on the  mercury trapped i n  the  pump a.t disassembly. 

ma.jor elements i n  these  deposi ts  and i n  the p a r t i c u l a t e  were C r ,  N i ,  Fe and Co. 

The 

IV. WORK PLANNED FOR NEXT QUARTER 

Operation of Loop No. 1 w i l l  continue i n  order t o  obtain sa tura ted  vapor, 

and f o r  f u r t h e r  experiments t o  determine the pra.ctica1 b o i l e r  i n l e t  s t a b i l i z i n g  

pressure drop. Operation of Loop No. 2 w i l l  be s t a r t e d .  The co-extruded 

cb-316ss tubing w i l l  be received and evaluated. 

loop t e s t i n g  program w i l l  be completed, and the  program w i l l  be submitted t o  

NASA f o r  approval. 

Planning of the red i rec ted  
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PHOTO MICROGRAPHS OF THE 9 Cr - 1 Mo TUBING 
CLAD WITH 316 STAINLESS STEEL 

316 STAINLESS 
STEEL 

2449 6OX 
AS RECEIVED (DRAWN AND ANNEALED) 

ETCHED: GLYCERA REGIA 

316 STAINLESS 
STEEL 

9 Cr - 1 Mo 
STEEL ALLOY 

2450 500X 
AS RECEIVED (DRAWN AND ANNEALED) 

ETCHED: GLYCERA REGIA 

FIGURE 2 
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9 Cr - 1 Mo TUBE CLAD WITH 316 STAINLESS STEEL 
AFTER 100 THERMAL CYCLES 400° - 14000F 

' .  316 STAINLESS 
STEEL 

9 C r - 1  Mo 
STEEL ALLOY 

2 482 1 oox 
ETCHED: GLYCERA REGIA 

2481 500X 
ETCHED: GLYCERA REGIA 

FIGURE 3 
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9 Cr - 1 Mo TUBE CLAD WITH 316 STAINLESS STEEL 
HEAT TREATED @ 130OoF FOR 100 HR 

31 6 STAINLESS 
STEEL 

9 C r - 1  Mo 
STEEL ALLOY 

2488 1 oox 
ETCHED: GLYCERA REGiA 

31 6 STAINLESS 
STEEL 

9 C r - 1  Mo 
STEEL ALLOY 

500X 
ETCHED: GLYCERA REGIA 

FIGURE 4 
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9 Cr - 1 Mo TUBE CLAD WITH 316 STAINLESS STEEL 
HEAT TREATED @ 14750F FOR 100 HR 

c .  

- 

316 STAINLESS 
STEEL 

DIFFUSION ZONE 

2490 1 oox 
ETCHED: GLYCERA REGIA 

9 Cr - 1 Mo 
STEEL ALLOY 

9 C r - 1  Mo 
STEEL ALLOY 

2489 500X 
ETCHED: GLYCERA REGIA 

FIGURE 5 
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